The retromer mediates protein trafficking through recycling cargo from endosomes to the trans-Golgi network in eukaryotes. However, the role of such trafficking events during pathogen-host interaction remains unclear. Here, we report that the cargo-recognition complex (MoVps35, MoVps26 and MoVps29) of the retromer is essential for appressorium-mediated host penetration by Magnaporthe oryzae, the causal pathogen of the blast disease in rice. Loss of retromer function blocked glycogen distribution and turnover of lipid bodies, delayed nuclear degeneration and reduced turgor during appressorial development. Cytological observation revealed dynamic MoVps35-GFP foci co-localized with autophagy-related protein RFP-MoAtg8 at the periphery of autolysosomes. Furthermore, RFP-MoAtg8 interacted with MoVps35-GFP in vivo, RFP-MoAtg8 was mislocalized to the vacuole and failed to recycle from the autolysosome in the absence of the retromer function, leading to impaired biogenesis of autophagosomes. We therefore conclude that retromer is essential for autophagy-dependent plant infection by the rice blast fungus.
Introduction
Rice blast is one of the most serious and recurrent diseases destroying rice production worldwide [1, 2] . The ascomycete fungus Magnaporthe oryzae infects rice tissues by forming a domeshaped and melanized infection structure called appressorium [3, 4] . Differentiation of appressorium is regulated by cell cycle progression that is accompanied by autophagy in the conidium leading to its programmed cell death [5, 6] . In this process, most of the stored glycogen and lipids are quickly transported from the conidium into the developing appressorium in order to establish a high turgor pressure necessary for successful host penetration by the mature appressorium [7] [8] [9] . Subsequently, a narrow penetration peg emerges from the mature appressorium and enters the rice epidermis and differentiates into bulbous, branched invasive hyphae, which are bound by the host plasma membrane in the invaginated cell, allowing the fungus to proliferate within the living plant cells [4, 10] .
Macroautophagy is a highly conserved bulk degradation process required for stress response and nutrient signaling in eukaryotes. Autophagy requires the formation of double-membrane bound autophagosomes that engulf bulk cytoplasm (nonselective) or specific target cargos (selective autophagy). The autophagosomes fuse with endosomes or the vacuoles to form autophagolysosomes to deliver the sequestered material for recycling and/or degradation [11, 12] . A set of evolutionarily conserved autophagy-related genes (ATG genes) was initially identified in yeast [13, 14] . In total, 22 ATG genes were identified in the rice blast fungus, and MoATG8 expression has been used to investigate the spatial pattern of autophagy induction during infection-related development [5] . Punctate autophagosomes are found to be enriched in infection-related structures such as conidia, germ tubes and appressoria [15, 16] . Deletion of MoATG8 led to significant reduction in conidiation and defects in glycogen autophagy during conidiogenesis [15, 16] . Furthermore, the MoATG8-deficient appressoria are nonfunctional and noninfectious due to an inability to undergo autophagic cell death and nuclear degeneration in conidia [5] . Genome-wide characterization of autophagy genes [15] further supports the critical role of autophagy in conidial cell death and the function of the appressorium in M. oryzae. However, the mechanisms regulating autophagy in M. oryzae remain elusive.
The retromer complex is a conserved vital element of the endosomal protein sorting machinery [17] . It consists of two subcomplexes: a trimer of Vps35, Vps29 and Vps26 for cargo selection, and a dimer of Vps5 and Vps17 for tubule or vesicle formation [18] . The retromer complex is known to participate in intracellular retrograde transport of cargos from the endosome to the proper organelles [19, 20] . Loss or malfunction of retromer is associated with various pathological states due to protein mistargeting [17] . Serving as the core of retromer, Vps35 directly interacts with cargo proteins for sorting [19, 20] . Recently, it was found that retromer played a role in the degradation of autophagic cargo to maintain lysosome function in Drosophila [21] . To our knowledge, the role of Vps35 or retromer in regulating autophagy and plant infection in plant fungal pathogens has not been assessed thus far.
In this study, we report a crucial role for the retromer cargo recognition subcomplex in regulating the autophagic process during appressorial development and pathogenesis in the rice blast fungus. We demonstrate that loss of any of these retromer components, MoVps35, MoVps26, or MoVps29, led to similar defects in fungal conidiogenesis and pathogenesis, which phenocopied the defects of ATG mutants including reduced turgor pressure, delayed turnover of glycogen and lipid bodies, and failure in autophagic cell death during conidial germination, and compromised pathogenicity of the blast fungus. Furthermore, our data suggest that MoVps35 regulates the autophagic process through retrieving the cleaved form of MoAtg8 from the vacuole after autolysosome formation. Therefore, our findings uncover a new function of retromer and shed light on the regulation of autophagy biogenesis in one of the most important fungal pathogens of rice and cereal crops.
Results

Generation and characterization of ΔMovps35 deletion mutants
We identified a single Vps35 ortholog MoVps35 in the M. oryzae proteome using BLASTP analysis. MGG_05089 (hereafter MoVps35) showed 57% sequence identity to the yeast Vps35 (S1 Table) . To determine its function, two MoVPS35 null mutants were generated through targeted gene replacement with the hygromycin resistance cassette in the Δku70 background (S1A and S1B Fig) . Phenotypic analyses revealed that the mutant ΔMovps35 grew marginally slower (about 72.4% of the WT, P<0.01) than the wild type on various culture media (S1C Fig) . This suggests that the loss of MoVPS35 likely reduces vegetative growth and/or overall fitness of M. oryzae. Given an important role for the cell wall in maintaining hyphal development and adaptation to the environment [22] , we further investigated the growth under cell wall or membrane stress conditions. In such growth assays, the ΔMovps35 showed decreased resistance to Calcofluor White (CFW), congo red (CR) and sodium dodecyl sulfate (SDS) compared to the wild-type strain (S2 Fig) , suggesting that MoVps35 is involved in maintaining the integrity of the cell wall. We also found that in comparison to the wild type, ΔMovps35 showed a 19-fold decrease in conidiation ( S1D Fig and S1E Fig; P<0 .01). The differentiation of conidiophores is critical for conidial development [23, 24] . Although the sympodial arrangement of the resultant mutant conidia remained unchanged (S1D Fig), conidiophore differentiation was highly reduced in ΔMovps35 at 24 h post conidial induction (S1F Fi.). Thus, the dramatic reduction of conidiogenesis in the ΔMovps35 likely results from decreased conidiophore formation. Genetic complementation via introduction of MoVPS35 restored proper growth and conidiation in the ΔMovps35 strain ( S1 Fig and S2 Fig) . We conclude that MoVps35, and by inference the retromer function, is essential for proper vegetative growth and asexual development in the blast fungus.
MoVps35 is essential for plant infection
We then assessed the pathogenicity of ΔMovps35 mutant on rice seedlings (Oryza sativa cv. CO39). When spray-inoculated on rice seedlings, the wild type as well as the complementation strain caused numerous typical blast lesions on leaves, whereas the ΔMovps35 mutant caused only a few small and isolated lesions (Fig 1A) . ΔMovps35 formed only 1.2 ± 1 lesions per 5 cm of leaf (P<0.01), whereas 69.7 ± 15.3 lesions were evident in leaves inoculated with wild-type conidia (Fig 1A) . Likewise, the barley infection assays (cv. Golden Promise) showed severe blast symptoms seven days after inoculation with wild-type conidial suspension or mycelia, whereas the ΔMovps35 mutant failed to cause blast disease in barley seedlings (Fig 1B and Fig  1C) . To investigate if the pathogenicity defects in ΔMovps35 were due to a block in penetration or invasive growth, we inoculated mycelia from the wild type or ΔMovps35 through abraded barley leaves. This allows for invasive growth independent of appressorium function. We found that the ΔMovps35 mycelia were able to invade the wounded tissue and caused weak lesions on the wounded leaves compared to the WT (Fig 1D) . These results suggested that the ΔMovps35 mutant were unable to infect rice and barley, owing mainly to their inability to penetrate the plant cuticle. MoVps26 and MoVps29, are also required for the initiation of blast disease
In yeast, plant and mammals, Vps26p and Vps29p form the cargo-selective subcomplex of the retromer via interaction with Vps35p [25, 26] . Therefore, we assessed whether these proteins cooperate in common pathogenic pathways in M. oryzae. Using orthologous yeast sequences, we identified MGG_04830 and MGG_02524 as MoVps26 and MoVps29, respectively, in M. oryzae (S1 Table) . We first investigated whether such a retromer subcomplex occurs in M. oryzae. In the yeast two-hybrid assay, MoVps35 was found to physically interact with MoVps26 and MoVps29 (Fig 1E) . Furthermore, we constructed ΔMovps26 and ΔMovps29 deletion mutants by gene replacement. The ΔMovps26 and ΔMovps29 deletion mutants (S2 Table) were identified by PCR and confirmed by DNA gel blot analysis ( S3 Fig). Like the ΔMovps35 mutant, ΔMovps26 and ΔMovps29 mutants were also impaired in conidiation and pathogenicity on the seedlings of the susceptible rice cultivar CO39 (S4 Fig, Fig 1F and Fig 1G) . Finally, we expressed WT MoVPS26 and MoVPS29 gene in the corresponding null mutants. As expected, the complementation strains showed suppression of mutant defects in conidiation and pathogenicity (S4 Fig, Fig 1F and Fig 1G) . The data suggest that MoVps35, MoVps26 and MoVps29 function together in the retromer pathway and play a key role in plant infection by the rice blast fungus.
The MoVps35 is essential for appressorium-mediated host penetration
To understand why the retromer subcomplex (MoVps35, MoVps26 and MoVps29) is required for pathogenicity in M. oryzae, we first chose the core retromer component MoVps35 for a detailed functional analysis. Based on the above observations, we reasoned that MoVps35 either controls proper appressorium formation or appressorium-mediated infection in M. oryzae. We first assayed for appressorium formation on artificial hydrophobic surfaces, wherein the ΔMovps35 conidia produced abundant melanized appressoria (Fig 2A) . No obvious morphological defects in appressorium formation were evident in ΔMovps35 (Fig 2A-2C) . The ΔMovps35 exhibited normal appressorium formation on onion epidermal cells as well (Fig 2B) . However, such ΔMovps35 appressoria were defective in the penetration of onion epidermal cells and subsequent differentiation into invasive hyphae (Fig 2B) . By 48 h, the wild-type strain penetrated and formed invasive hyphae in onion epidermal cells (Fig 2B) . A vast majority of the appressoria (95%, P<0.01) failed to penetrate the onion epidermal cells even at 72 hpi. Aniline blue staining and further quantification of penetration efficiency was carried out on barley leaves inoculated with conidia of WT or ΔMovps35 (Fig 2C) . The efficiency to form penetration pegs on barley leaves was about 62% in WT, while only 3.6% (P<0.01) appressoria showed host entry in the ΔMovps35 mutant at 48 h time point. Even upon extended incubation, ΔMovps35 appressoria were still unable to penetrate the host surface (Fig 2D and 2H) . Similar defects were also evident in invasive growth in ΔMovps35 inoculated on barley leaves (Fig 2E) . We conclude that MoVps35 is not required for appressorium formation but is essential for appressorium-mediated host penetration by the rice blast fungus.
ΔMovps35 fails to establish full turgor pressure in appressoria
Since establishment and maintenance of high internal turgor pressure is necessary for appressorium-mediated host penetration by M. oryzae [9] , we examined the turgor pressure in ΔMovps35 using the incipient cytorrhysis assays [27] . These appressorial collapse assays revealed that the ΔMovps35 appressoria generate significantly lower turgor compared to wild type (Fig 3; P<0 .01). In 2 M glycerol, 75% of ΔMovps35 appressoria collapsed at 24 h compared to 27% and 25% of the appressoria in the wild type and complementation strains, respectively (Fig 3B) . Upon increasing the glycerol to 3 M and extending the incubation, appressoria of ΔMovps35 mutant remained severely collapsed compared to those from the wild-type or the complemented strain (Fig 3B) . Further analysis revealed that the wild-type strain completely transferred the cytoplasm from conidia into the appressoria, leading to collapsed conidial morphology, while a large proportion of the cytoplasm was still intact in the mutant cells and consequently the conidia remained intact and turgid at 24 h after incubation (Fig 3A; black arrows).
Mobilization of glycogen and lipid bodies from conidia to appressoria is blocked in the ΔMovps35 mutant
The delayed mobilization of cytoplasmic content into the appressoria prompted us to further investigate the germinating conidia. In M. oryzae, conidia contain several sources of stored energy such as glycogen and lipids [7] , and effective transfer of such materials is required for appressorial maturation and appressorium-mediated host penetration [7, 28] . We therefore examined the cellular distribution of glycogen and lipid bodies during appressorium development. Upon iodine-staining abundant glycogen was seen in conidia, germ tubes, and incipient appressoria of the WT and ΔMovps35 from 0 h to 4 h during germination of conidia on a hydrophobic surface (Fig 4A) . However, mobilization of glycogen was notably retarded in ΔMovps35 mutant after 8 h conidial germination (Fig 4A) . Even after 24 h, a significantly higher proportion of mutant conidia contained glycogen (Fig 4B) . Therefore, glycogen catabolism/hydrolysis was greatly delayed in the ΔMovps35 mutant (Fig 4A-4C) . Next, we investigated the distribution of lipid bodies by Bodipy staining and confocal microscopy. The distribution of lipid bodies showed the same pattern as glycogen in the ΔMovps35 mutant, as shown in Fig 4D and Fig 4E. The data indicate that the mobilization of glycogen and lipid bodies from conidia to the appressoria is greatly reduced or blocked in the ΔMovps35 mutant. Like MoVps35, the other two components, MoVps26 and MoVps29, of the retromer subcomplex were also found to be necessary for proper initiation of blast disease, as judged by the similar phenotypic defects in glycogen distribution, lipid droplet turnover, and appressorial turgor generation shown by the requisite ΔMovps26 and ΔMovps29 (S5 Fig). Taken together, these results indicate that the cargo-recognition subcomplex of the retromer comprising of MoVps35, MoVps26 and MoVps29, functions in mediating critical physiological/metabolic processes associated with pathogenic differentiation in M. oryzae.
MoVPS35 deletion impairs conidial autophagic cell death and biogenesis of autophagosomes
Studies in M. oryzae have shown that proper conidiation and appressorium formation/function requires autophagy-assisted utilization of carbohydrate(s), glycogen or stored lipids [16, 29, 30] . Autophagy-deficient mutants (Δatg1, Δatg2, Δatg4, Δatg5, Δatg8, Δatg9 and Δatg18) show delayed breakdown of glycogen and lipid bodies, reduced turgor pressure and complete loss of pathogenesis in M. oryzae. [29, [31] [32] [33] [34] [35] . Similar defects in ΔMovps35 prompted us to investigate whether MoVps35 is directly involved in regulating autophagy function(s) during appressorium-mediated host penetration. To test this idea, an Hh1-GFP (encodes nuclear localized Histone H1) was introduced into the wild type and ΔMovps35 strains to allow live cell imaging of nuclear degeneration associated with autophagic cell death [5] (S2 Table) . In WT, the number of Hh1-GFP marked nuclei gradually decreased due to autophagy-based degeneration in conidial cells during appressorial maturation. As a result, a single nucleus remains intact in the mature appressorium of the wild-type strain at 24 hpi (84%, P<0.01) (Fig 5A) . However, the majority of the Hh1-GFP expressing ΔMovps35 conidia (71%) contained more than one nucleus ( Fig 5A) . These data suggest that MoVps35 deficiency affects the autophagic cell death in conidia of M. oryzae.
A key event in autophagy is the formation of a double-membrane autophagosome, which engulfs portions of cytosol and entire organelles [36, 37] . Thus, we sought to determine whether retromer plays a role in the formation of autophagosomes during appressorium development. We used the RFP-MoAtg8 as an epifluorescent marker for autophagosomes [16, [38] [39] [40] . MoAtg8 is a ubiquitin-like protein that marks autophagosomal structures and is required for the formation of autophagosomes. RFP-MoAtg8 was expressed under the control of the endogenous MoATG8 promoter in the ΔMoatg8 or ΔMovps35 background. Analysis of ΔMoatg8 RFP-MoATG8 showed typical punctate autophagosomes and vacuolar autolysosomes widely distributed in conidia, germ tubes and appressoria (Figs 5B and S6). However, the ΔMovps35 RFP-MoATG8 strain showed no obvious punctate autophagosomes in germ tubes and appressoria, except for aggregated red epifluorescence signal in the vacuoles (Figs 5B and S6). We reasoned that RFP-MoAtg8 was probably retained in the vacuole and subsequently degraded by the vacuolar hydrolase upon loss of MoVps35 function. The dynamics of autophagic structures was investigated using time-lapse microscopy. In ΔMoatg8 RFP-MoATG8 strain, mobile spherical autophagosomes (about 1 μm diameter) fuse with vacuolar structures (2-5 μm diameter) and also dissociate from these structures (S1 Movie), indicating that autophagosomes cooperatively act to form autophagolysosomes or are recovered once autophagy is completed. By contrast, there are no obvious spherical autophagosomes in the ΔMovps35 RFP-MoATG8 strain (S2 Movie). These results suggest that MoVps35 is necessary for the proper localization of MoAtg8 and consequently required for autophagosome formation during appressorial maturation.
MoVps35, MoVps26 and MoVps29, are associated with the periphery of vacuoles/autolysosomes To investigate the mechanism by which retromer participates in the regulation of autophagosome formation, we monitored the dynamics of MoVps35 trafficking in M. oryzae using a ΔMovps35 pMoVPS35::MoVPS35-GFP strain (S2 Table) . The pMoVPS35::MoVPS35-GFP construct complemented all the defects found in ΔMovps35 mutants (Fig 1) , indicating that MoVps35-GFP is fully functional. MoVps35-GFP exhibited a mostly punctate pattern at or near the vacuolar membrane in conidia and mycelia (Fig 6A and 6B ). The association with vacuoles was confirmed by staining with the lipophilic styryl dye FM4-64 (Fig 6A and 6B) . Furthermore, we investigated the spatiotemporal dynamics of MoVps35-GFP during infection-related development. MoVps35-GFP consistently localized to small punctate/vesicular compartments (approximately 0.5-2.0 μm) in conidia, germ tubes and nascent appressoria by 2 h and 4 h, respectively (S7 Fig). During 8-24 h, the fluorescent signal was predominant in developing appressoria and gradually diminished in the conidia, consistent with conidial autophagic cell death (S7 Fig). Next, we monitored the dynamics of MoVps35-GFP movement in conidia and appressoria during conidial germination upon staining with FM4-64. Mo Vps35-GFP was present on highly mobile punctate structures in germinated conidia and developing appressoria (Fig 6C; S3 Movie) . Strikingly, the movement of MoVps35-GFP-containing structures was not random but inherently associated with vacuolar membranes or late endosomes as judged by FM4-64 staining (Fig 6C; S3 Movie) . We interpret these epifluorescence traces of MoVps35-GFP as evidence for vesicular trafficking in the late endosomal compartments. Moreover, the mobility of MoVps35-GFP depends on microtubules but not the F-actin cytoskeleton, because it was disrupted by the microtubule-destabilizing agent MBC (Methyl Benzimidazol-2-yl-Carbamate) but not by actin-depolymerizing drug LatA (latrunculin A) ( S8  Fig and S4 -S6 Movies). In addition, like MoVps35-GFP localization, MoVps26-GFP and MoVps29-GFP both exhibited a similar dynamic and punctate pattern on the vacuolar membrane (Fig 6D and 6E) . Spatiotemporal dynamic of MoVps26-GFP and MoVps29-GFP distribution during infection-related development was also reminiscent of the MoVps35-GFP localization (S9 Fig, S7 and S8 Movies). These data suggest that retromer may function in the retrieval of cargo associated with vacuoles or autolysosomes in M. oryzae.
MoVps35 dynamically colocalizes and interacts with MoAtg8
Given the essential role of retromer in the formation of autophagosomes and the apparent association with late endosomes, we suspected that MoVps35-GFP motility might contribute to the retrieval of MoAtg8 to pre-autophagosomal structures and autophagosomes. To test this hypothesis we first determined whether MoVps35 colocalizes with MoAtg8. pMoVps35:: MoVPS35-GFP was introduced into the ΔMoatg8 RFP-MoATG8 strain (S2 Table) for localization and dynamic association analysis. In fresh harvested conidia, most of MoVps35-GFP vesicles were arranged adjacent to RFP-MoAtg8 labeled organelles, implying a potential association between these two compartments (Fig 7) . Remarkably, a proportion of MoVps35-GFP punctae colocalized with the cytosolic RFP-MoAtg8 compartments as determined by line-scan and 3D reconstruction analysis (Fig 7A and 7B , see also S9 Movie). In order to test whether the colocalization existed during other developmental stages of M. oryzae, conidia from the duallabeled ΔMoatg8 RFP-MoATG8 MoVPS35-GFP strain were incubated in vitro to observe germination and appressoria formation using confocal microscopy. At 2 h, many germ tubes initiated appressorium formation. In addition to the partially colocalized/overlapping RFP and GFP fluorescent signals detected in conidia, a small proportion of such colocalized signals were also apparent in the germ tubes (S10A Fig). A similar localization pattern was also found in developing appressoria (S10B Fig). Furthermore, RFP-MoAtg8 partially co-localized with MoVps35-GFP in vegetative hyphae under nitrogen starvation conditions that induce autophagy (S10C Fig) . In order to directly record spatial and temporal association between MoVps35-GFP and RFP-MoAtg8, a real time imaging was applied. S10 Movie or time-lapse Fig 7C shows a conidium undergoing autophagy, RFP-MoAtg8 fluorescent were highly associated with oblong vacuoles (approximately 2-5 μm diameter) and spherical structures (approximately 1 μm diameter). Interestingly, we observed that mobile RFP-MoAtg8 puncta showed a rapid dissociation from the adjacent vacuoles, and at the same time the MoVps35-GFP also displayed very close colocalization with the punctate RFP-MoAtg8 (Fig 7C, arrows) . This suggests that MoVps35 might play an important role for retrieving MoAtg8 from the vacuole, avoiding unnecessary degradation by vacuolar hydrolases.
To test whether MoVps35 contributes to the retrieval of MoAtg8 in vivo, we applied a GFPtrap/co-immunoprecipitation assay to pull down MoVps35-GFP and found that anti-RFP antibody was able to specifically detect a clear band of about 37 kD, the size of the truncated variant of RFP-MoAtg8 (Fig 8A) . No unmodified full-length RFP-MoAtg8 band was detected from the proteins pulled down with MoVps35-GFP (Fig 8A) . In the control experiment, both truncated RFP-MoATG8 MoVPS35-GFP strain (Fig 8A) . These results indicate that MoVps35 is able to specifically interact with the truncated variant of MoAtg8, which is consistent with the timelapse microscopy results of MoVps35-GFP and RFP-MoAtg8 in M. oryzae. Taken together, the MoVps35 acts through a direct interaction with truncated variant of MoAtg8 and contributes to its retrograde transport in M.oryzae.
Autophagy can be measured by examining the intracellular levels of cleaved and lipidated Atg8, viz Atg8PE, which is the key protein known to associate specifically with autophagosomes, as its levels correlate with the number of autophagosomes [38] [39] [40] . If MoVps35 is required for the retrieval of MoAtg8 to phagophore assembly sites (PAS)/autophagosomes, we would anticipate that the level of cleaved and lipidated MoAtg8 (ie. (Fig 8B) . We detected two forms of RFP-MoAtg8 using anti-RFP antibody, inferring that these represented the full-length and lipidated form, MoAtg8PE. Under nitrogen starvation condition, the amount of RFP-MoAtg8PE gradually increased in the ΔMoatg8 RFP-MoATG8, which correlated well with the extent of autophagosome formation (Fig 8B) . However, in the ΔMovps35 RFP-MoATG8 strain, the levels of RFP-MoAtg8PE were greatly reduced and delayed in both CM and MM-N medium compared to the ΔMoatg8 RFP-MoATG8 strain, indicative of fewer autophagosomes (Fig 8B) . Interestingly, the autophagy flux was not completely blocked in the ΔMovps35 since some RFP-MoAtg8PE still accumulated in the cells upon nitrogen starvation (Fig 8B) . These findings are consistent with the microscopy results of scarce spherical autophagosomes in the ΔMovps35 RFP-MoATG8 strain.
Besides, the compromised expression levels of MoATG8 in the ΔMovps35 mutant could also lead to the lack of MoAtg8-marked autophagosome. Therefore, we further used qRT-PCR to assess the expression levels of the MoATG8 gene in ΔMovps35 and wild-type strains under the MM-N conditions. Compared to the wild-type strain, the expression levels of MoATG8 do not differ significantly in the ΔMovps35, but appear to be mildly upregulated (S11A Fig). We further analysed the expression levels of MoATG4 which is a key cysteine protease responsible for the cleavage of the carboxy terminus of MoAtg8 during the biogenesis of autophagosomes in M. oryzae [31] . Similar to MoATG8, the expression of MoATG4 was slightly higher in the ΔMovps35 as compared to the wild type (S11A Fig), suggesting that MoVps35 regulates the biogenesis of punctate autophagosomes primarily via modulating the retrieval of MoAtg8, but not by compromising the expression of MoATG8 and MoATG4 in M. oryzae. These results also explain why increased expression of MoATG8 is unable to rescue the phenotypic defects in ΔMovps35 mutant (S111B- S11F Fig) .
Overall, the retrograde transport function of retromer complex, the close association between retromer core component MoVps35 and the key autophagy protein MoAtg8, and their tight functional link in autophagocytosis, asexual differentiation and plant infection provides an insight into a novel function of regulating the biogenesis of autophagosomes by retrieving cleaved MoAtg8 from the vacuolar compartments for targeting to the proper structures in the rice blast fungus (Fig 9) .
Discussion
In this work, we have addressed the outstanding question about the mechanism of Atg8 retrieval during autophagosome biogenesis. It was previously reported that the majority of Atg8 molecules were released into the cytoplasm before autophagosome-vacuole fusion, suggesting that Atg8 is retrieved for the formation of autophagosomes [41, 42] . However, the molecular mechanisms for Atg8 retrieval remained unclear. Our results show that MoVps35, a retromer core component that functions in endosomal sorting, directly interacts with MoAtg8 and is associated with MoAtg8 retrieval process from the periphery of vacuoles (Fig 9) . Loss of retromer function leads to the mistargeting of RFP-MoAtg8 to the vacuole and thus the impairment of the biogenesis of autophagosomes. Moreover, the phenotype of all retromer component mutants mimic the morphological disturbance observed with ΔMoatg8, including failure to undergo autophagic cell death during conidial germination, and defects in fungal appressorium-mediated pathogenesis. Taken together, our results provide the first clear linkage between the retrograde transport mediated by retromer complex and the autophagy-dependent plant infection.
The highly conserved retromer is well known to function in the retrieval of recycling cargos to TGN in the retrograde pathway, but its unconventional roles are now beginning to emerge. In Arabidopsis thalliana, the retromer complex components Vps35, Vps26 and Vps29 localize to the prevacuolar compartment (PVC) and are essential for normal PVC morphology [43, 44] . Mutations in VPS35 or VPS29 in A. thalliana lead to a dwarf phenotype and defects in PIN   Fig 9. A model for the retromer function in Atg8 retrieval. Autophagy requires the formation of double-membrane bound autophagosomes that associate with a set of evolutionarily conserved autophagy-related proteins, including Atg8. During the autophagocytosis, Atg8 has to be conjugated to the lipid phosphatidylethanolamine (PE), resulting in the expansion of the phagophore membrane and formation of autophgosomes. At the late stage, the autophagosomes fuse with the vacuoles to form autophagolysosomes to deliver the sequestered material for degradation and/or recycling. In yeast, the outer membrane-bound Atg8 was released into the cytosol by delipidation before autophagomes-vacuole fusion, presumably for reuse in subsequent rounds of autophagosome formation. In our study, we found that M. oryzae retromer core complex (MoVps35-MoVps26-MoVps29) localized at the late endosome/ prevacuolar membranes, where it interacts with cleaved and lipidated Atg8 thus regulating its trafficking to the phagophore or autophagosome and preventing its degradation in the lumen of vacuole. protein repolarization, embryogenesis, plant growth, and leaf senescence [45, 46] . In Drosophila melanogaster, Vps35 function is necessary for normal endocytic trafficking and organization of the F-actin cytoskeleton [47] . Loss of Vps35 severely affects endocytosis and the localization of a number of endocytic proteins, causes defects in signaling pathways in haemocytes and at the neuromuscular junction, and leads to increased levels of F-actin [47] . Interestingly, a recent report found that the mammalian retromer regulates trafficking and subsequent incorporation of HIV-1 envelope glycoprotein (Env) into virions [48] . Inactivating retromer alters Env localization, cell surface expression and incorporation into virions, and the binding of retromer to the Env cytoplasmic tail is required for these functions [48] . Our study suggests an important role in retromer is essential for the autophagy-dependent plant infection in M. oryzae, thus expanding the functions of retromer. Interestingly, although the retromer is important for appressorium-mediated host penetration, it is not essential for colonization therein. This suggests that the retromer and efficient autophagy is not required for suppression of host defense, invasive growth within the rice cells, or spread from cell-to-cell in the host. It will be interesting to investigate whether the retromer plays a similar role in autophagy and infection-related development in other fungus-plant pathosystems.
Our cell biological, biochemical and genetic analyses demonstrate that the retromer is essential for autophagy by activating the formation of autophagosomes through the Vps35's direct interaction with and retrieval of MoAtg8 in the M. oryzae. This role of the retromer could be widespread throughout the eukaryotic kingdom. Recently, two studies have implicated a role for the retromer in autophagy in yeast and mammalian cells. Dengjel and his colleagues used quantitative proteomics to identify Vps35/retromer as a stimulus-dependent interacting partner of autophagosomes in human breast cancer cells [49] . A further test for autophagic response revealed that a significantly lower autophagic activity in the yeast vps35 null mutant [49] . Another study identified that the mutant VPS35 allele that causes Parkinson's disease (PD), VPS35 D620N, also impairs autophagy and alters the trafficking of the multi-pass transmembrane autophagy protein Atg9A in mammalian cells [50] . However, none of these studies addressed the mechanism by which the retromer regulates autophagocytosis. Here, we provide genetic, live-cell imaging and biochemical evidence that MoVps35-GFP positively regulates the autophagy process via recycling or retrieving truncated MoAtg8 to the appropriate compartments, likely PAS, for regeneration of autophagosomes. In a previous report in M. oryzae, EGFP-MgAtg9 and DsRed2-MgAtg8 displayed significant colocalization [35] , suggesting that these components interact in conidia. Although our data identified that MoAtg8 mislocalization is a likely contributor to the impaired autophagosome formation in the ΔMovps35 mutant, it is conceivable that other MoAtg proteins are subjected to the retromer complex mediated retrograde transportation too. Given the conservation of the retromer and its role in autophagy, this mechanism likely provides a paradigm for a novel role of retromer in the regulation of autophagy in various eukaryotic organisms.
Autophagy plays an important role in recycling cellular components in eukaryotic cells. Although more than 30 genes have been described for involvement in autophagy, in yeast [13, 14] , the mechanisms for the activation of this process and for the recycling of its components for autophagosome formation remain poorly understood. A ubiquitin-like system mediates the conjugation of the cleaved Atg8 to the lipid phosphatidylethanolamine (PE), and this conjugate (Atg8PE) is then tethered to autophagosome membrane, where it is necessary for phagophore expansion during autophagosome formation [36, 39] . In addition to the lipidation of Atg8, delipidation of Atg8 is also required for autophagosome maturation [41] . In yeast, the cleaved Atg8 has a C-terminal glycine residue that exists in two different forms: a lipidated (Atg8PE) and a deconjugated form [51] . The former is involved in autophagosome formation; the role of latter is to release outer membrane-bound Atg8 upon completion of the autophagosome, presumably for reuse in subsequent rounds of autophagosome formation [41] . However, how the deconjugated Atg8 gets to the PAS for autophagosome formation is currently unknown. Our data indicate a direct interaction between vacuolar membrane conjugated MoAtg8 and Vps35 and suggest a novel mechanism for lipidated MoAtg8 recycling via retromer-mediated transport in M. oryzae. It is possible that the retrieval machinery and/or the cargo-recognition complex of the retromer recognize the lipidated MoAtg8 as a specific cargo/ substrate.
Materials and Methods
Fungal strains and growth conditions
All strains used in this study were listed in S2 Table. M. oryzae wild-type Δku70 [15] and all mutant strains were grown on complete medium (CM), starch yeast medium (SYM), oatmeal agar medium (OAT) and rice-polish agar medium (RPA) for mycelial growth assays and on RPA medium for conidiation assays as previously described [52] . To test the sensitivity against cell-wall-disrupting agents, vegetative growth of fungal strains was monitored on CM plates with 200 μg/mL congo red (CR) or 200 μg/mL Calcofluor White (CFW) or 0.01% sodium dodecyl sulfate (SDS). For oxidative stress sensitivity assays, M. oryzae strains were grown on CM containing 5 mM H 2 O 2 and the sensitivity was evaluated by measuring the colony diameter of 6-day-old cultures. Experimental results were verified with a minimum of two strains of the same genotype. All experiments were repeated at least three times.
Generation of the gene replacement mutants
The M. oryzae protoplast preparation and fungal transformation were performed by following standard protocols [53] . Hygromycin-or neomycin-resistant transformants were selected on media supplemented with 250 μg/mL hygromycin B (Roche Applied Science) or 200 μg/mL G418 (Invitrogen).
To generate ΔMovps35 mutant, a 1,176-bp fragment upstream from MoVPS35 was amplified with primers MO05089AF and MO05089AR, and this amplicon was subsequently cloned into the XhoI and EcoRI sites upstream of the hph cassette on pCX63 [24] . Then, 1.14 kb fragment downstream of MoVPS35 was amplified with primers MO05089BF and MO05089BR, and cloned into the BamHI and XbaI sites downstream of HPH cassette, and this plasmid was transformed into protoplasts of the wild-type Δku70 strain. Hygromycin-resistant transformants were screened by PCR with primers MO05089UA and H853 and primers MO05089OF and MO05089OR (S3 Table) . At least two isolates that tested positive with PCR were further verified by Southern blot analysis performed with the DIG-High Prime DNA Labeling and Detection Starter Kit I Roche (Roche, Mannheim, Germany).
The split-marker approach was used to generate gene replacement constructs for other components of the retromer complex [54] . Primers used to amplify the flanking sequences of MoVPS26 and MoVPS29 are listed in S3 Table. Each construct was transformed into protoplasts of Δku70 to generate the ΔMovps26 and ΔMovps29 deletion mutants (S2 Table) . Putative knockout mutants were identified by PCR screening and confirmed by DNA gel blot analysis.
Construction of GFP fusion vector and complementation
The MoVps35-GFP fusion vector, named pGM-MoVps35-GFP, was constructed by amplification of 5,027-bp fragment including 2,944-bp MoVps35 coding sequence and a 2,083-bp native promoter region using primers MO05089CF and MO05089CR (S3 Table) . The 5,027-bp PCR product was then cloned into pGEM-T easy vector (Promega) to generate pGM-MoVps35.
The GFP allele [55] was amplified using primers Bgl II-GFPF and Bgl II-GFPR (S3 Table) , then cloned into pGEM-T easy vector. It was subsequently digested with BglII to release the GFP allele with BglII sticky ends, which was inserted into BglII site of pGM-MoVps35 to create pGM-MoVps35-GFP. We verified the orientation of GFP insertion and in-frame fusion by sequencing the pGM-MoVps35-GFP vector. To generate MoVps35-GFP strain, pGM-MoVps35-GFP construct was co-transformed into protoplasts of the target mutant along with a vector harboring neomycin-resistance marker (pKNT). Transformants carrying a single insertion were screened by PCR with requisite primer pairs (S3 Table) and further confirmed by Southern blot analysis. The same approach was used to generate gene fusion GFP constructs for other components of the retromer complex. Primers used to amplify the complementation sequences of MoVPS26 and MoVPS29 are listed in S3 Table. Appressorium formation and plant infection assays For appressorial assays, conidia were harvested from 10-day-old OAT or RPA cultures. Aliquots (30 μL) of conidial suspensions (5×10 4 conidia/mL in sterile water) were applied on the hydrophobic side of Gelbond film (Cambrex Bio Science) and incubated under humid conditions at room temperature. Conidial germination and appressorium formation were examined at 0.5, 1, 2, 4, 8 and 24 h post incubation. For penetration assays, conidial suspension in sterile water was inoculated on onion epidermal cells or barley leaf and assessed after 24 h, 48 h and 72 h. Penetration pegs and infection hyphae were detected by staining for papillary callose deposits using Aniline blue [56] . For pathogenicity assays, two-week-old seedlings of rice (Oryza sativa L.) cultivar CO39 were used for spray inoculation assays as described [52] . Eightday-old seedlings of barley cultivar Golden Promise were also used for drop inoculation and mycelial plug assays on the non-wounded or wounded barley leaves [57] .
Cytological analysis
For glycogen staining, the M. oryzae conidia were inoculated on hydrophobic plastic coverslips for different time points and stained with a solution consisting of 60 mg/mL of KI and 10 mg/mL of I 2 in distilled water [7] . Yellowish-brown glycogen deposits became visible immediately in bright field. For lipid bodies staining, samples were stained with Bodipy (D3922, Invitrogen) to detect neutral lipids. Bodipy was used at 10 μg/mL (stock 1 mg/mL in ethanol) in PBS buffer. All samples were examined and photographed by using an Olympus-BX51 fluorescence microscope with a cooled CCD camera (DP72, Olympus, Japan). Calcofluor White (Sigma-Aldrich, USA) was used at 3 μg/mL to visualize cell wall and septa of conidia. To visualize the vacuolar membrane, conidia, vegetative hyphae and germinated conidia were treated with 4 μg/mL FM4-64 solution for 30-60 min before observed under the confocal microscope. To examine the effects of microtubule inhibitor methyl 1-(butylcarbamoyl)-2-benzimidazolecarbamate (MBC) or the actin inhibitor latrunculin A (LatA) on trafficking ability of MoVps35 in cells, The MoVps35-GFP strain was inoculated on hydrophobic plastic coverslips and treated for 30 minutes with MBC (final concentration 10 μM) or LatA (final concentration 10 μM) at the hooking stage. A 0.1% DMSO solvent control was used in these assays.
Molecular manipulations
Standard molecular manipulations were performed as described [58] . Total RNA was isolated from mycelia with TRIzol reagent (Invitrogen). Purified RNA was treated with DNase (Takara) and was verified as DNA free by using it directly as template in a PCR assay. First-strand cDNA was synthesized with the M-MLV reverse transcriptase (Invitrogen), and qRT-PCR was performed with the Eppendorf Mastercycler ep Realplex2 PCR system using SYBR Premix Ex TaqTM (RR420A, Takara). Primers used to amplify selected genes in qRT-PCR reactions are listed in S3 Table. Yeast two-hybrid assay
Yeast two-hybrid assay was carried out as indicated in MATCHMAKER GAL4 Two-Hybrid System 3 (Clontech). The full-length cDNA of MoVPS35 was amplified with the primer pair MO05089BDF/MO05089BDR (S3 Table) and cloned into pGBKT7 as the bait vector BD-Movps35. The full-length cDNAs of MoVPS26 and MoVPS29 were amplified with the primer pairs MO04830ADF/MO04830ADR and MO02524ADF/MO02524ADR (S3 Table) , respectively, and were cloned into pGADT7 as the prey vectors AD-Movps26 and ADMovps29. The resultant bait and prey vectors were confirmed by sequencing and were cotransformed into the yeast strain AH109. The Leu + and Trp + yeast transformants were isolated and assayed for growth on SD-Trp-Leu-His-Ade medium at specified concentrations. Yeast strains for positive and negative controls were as described in the Matchmaker kit.
Immunoblot and immunoprecipitation analysis
For total protein extraction, mycelia grown in liquid CM and MM-N medium (used for nitrogen starvation, 0.5 g/L KCl, 0.5 g/L MgSO 4 , 1.5 g/L KH 2 PO4, 10 g/L glucose, pH 6.5) were ground into a fine powder in liquid nitrogen and resuspended in 0.6 mL extraction buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 2 mM PMSF and 1% Triton X-100). The supernatants were centrifuged 15,000 g for 25 min at 4°C to remove cell debris. Total protein concentration was measured using the Bio-Rad Protein Assay and separated on a 12.5% SDS PAGE gel and transferred to PVDF membranes for Western blot analysis. The expression of RFP-Atg8 was detected with anti-RFP (Clontech, USA). The horseradish peroxidase-conjugated secondary antibody and the ECL kit (Amersham Biosciences, Germany) were used to detect the chemiluminescent signals.
For the immunoprecipitation of GFP-fusion-proteins from cellular extracts, equal concentration of total proteins were isolated and incubated with 20-30 μL of GFP-Trap agarose beads (ChromoTek, Germany) and carried out as manufacturer's instructions. Proteins eluted from GFP-Trap agarose beads were analyzed by immunoblot detection with the anti-RFP (Clontech, USA), anti-GFP (Sigma-Aldrich) antibodies and anti-Actin (Sigma-Aldrich).
Live cell imaging of M. oryzae
Conventional epifluorescence and differential interference contrast (DIC) microscopy was performed with a Olympus BX51 microscope (Olympus, Japan), using a 40x 1.3 NA (numerical aperture), 60x 1.35 NA or 100x 1.40 NA Olympus oil immersion objective lens. Images were acquired using an Olympus DP72 camera and analyzed with DT2-BSW image-processing software. Fluorescence was observed with Olympus U-RFL-T mercury lamp source. The filter sets used were: DAPI, GFP and RFP or FM4-64. Alternatively, confocal microscopy was used for time-lapse or live cell fluorescence imaging by using the Nikon TiE system (Nikon, Japan) as described [59] . The elapsed time is indicated in seconds. Image processing and figure preparation was performed using Image J, Adobe Photoshop, PowerPoint and Microsoft Excel.
Accession numbers
Sequence data from this article can be found in the GenBank/EMBL databases under the following accession numbers: S. cerevisiae VPS35 (NP_012381), S. cerevisiae VPS29 (NP_011876), S. cerevisiae VPS26 (NP_012482), S. cerevisiae VPS17 (NP_014775), S. cerevisiae VPS5 (E) Analysis of conidia production. The respective strains were initially grown in the dark for a day followed by exposure to constant illumination for 14 day on RPA plate (diameter 9 cm). Data represents mean ± SD based on three independent replicates, and double asterisks indicate statistically significant differences (P < 0.01). (F) Analysis of conidiophore formation. The number of conidiophores produced by the indicated strain per microscopic field was quantified at 24 h post photo induction. Results were quantified in three independent replicates and represented as mean ± SD, and double asterisks indicate statistically significant differences (P < 0.01). Analysis of conidia production. The respective strains were initially grown in the dark for a day followed by exposure to constant illumination for 14 day on RPA plate (diameter 9 cm). Data represents mean ± SD based on three independent replicates, and double asterisks indicate statistically significant differences (P < 0.01). 
